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Computational Methods. We used CASSCF as the MCSCF method in this study. For 

molecules for which we report only singlet valence excitation energies, the CASSCF 

calculations used as a reference for both CASPT2 and MC-PDFT post-SCF calculations are 

state-averaged over multiple  states (with equal weights, followed by multi-state CASPT2). 

For other molecules we report singlet and triplet  excitation energies using single-state 

CASSCF for  ground states and  triplet states, but the energy of the excited singlet states were 

calculated by state-averaged CASSCF and multi-state CASPT2. All 23 excitations were used 

to compare MC-PDFT with the tPBE on-top functional to CASPT2. We also compared to the 

performance of MC-PDFT with trevPBE, ftPBE and ftrevPBE and to TD-KS-DFT with 

revPBE; these additional results do not change our conclusion, and are presented below.  

Charge-transfer (CT) excitations. Charge-transfer (CT) excitations represent a great 

challenge for KS-DFT and are severely underestimated when there is a small spatial overlap 

between the densities of occupied and virtual orbitals, although nonlocal functionals with 

high enough amounts of Hartree-Fock exchange are found to perform well for charge transfer 

excitations with significant overlap between occupied and virtual orbitals.1,2 Failure of KS-

DFT for small-overlap charge transfer is due to the underestimation of the HOMO-LUMO 

gap, which is often attributed to the wrong long-range behavior of these functionals. 

Although so-called long-range-corrected functionals often give better performance for small-

overlap charge transfer than local or global hybrid functionals, they do not solve the problem 

completely;2 furthermore, the long-range-corrected functionals often overestimate charge-

transfer excitations in large-overlap regions. 

Sensitivity of MC-PDFT to the active space choice and the on-top functional. In addition to 

the calculations with large active spaces (Table 1 in the manuscript), we performed some 

exploratory calculations with minimal active spaces (Table S1) to learn how much the active 

space can be trimmed. In particular, the active space used, except for the aromatic 

hydrocarbons benzene and naphthalene, was two electrons in two orbitals, denoted (2,2), 

where the two orbitals correspond to the HOMO and LUMO – we can call this a minimal 

active space for spectroscopy. For benzene and naphthalene we use (4,4) and (6,6). With 

these minimal active spaces, MUE for tPBE method increases significantly (0.40 eV vs 0.20 

eV). It is interesting that the MUE for CASPT2 is less sensitive to the size of the active 

space; this is understandable because the post-SCF step in CASPT2 improves the CASSCF 

density, whereas the post-SCF step in MC-PDFT does not. One possible future improvement 

of MC-PDFT is to include the on-top functional during orbital optimization so that the 

densities reflect the consequences of dynamic correlation. The results for ethylene are 
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particularly sensitive to the active space size because of a delicate balance between valence 

and Rydberg character3 in the lowest excitation of this molecule. 
The MC-PDFT results are not overly sensitive to choice of the on-top density functional. 

In particular the results in Table S2 with other on-top functionals are even slightly better on 

average (with an average MUE of 0.18 eV for ftrevPBE).  
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Table S1. Excitation energies (in eV) with small active spaces.  

 State labeling 
 

WFa CASSCF CASPT2 tPBEb Ref. 
Acetaldehyde 1A′′  n  → π* SA(2)-(2,2) 3.99 3.90 4.06 4.284 

Acetone 1A2  n→ π* SA(2)-(2,2) 4.18 4.04 4.23 4.434 
Formaldehyde 1A2  n→ π* SA(2)-(2,2) 3.62 3.60 3.59 4.004 

Pyrazine 1B3u  n→ π* SA(2)-(2,2) 5.47 3.48 3.43 3.975,6  

Pyridazine 1B1  n→ π* SA(2)-(2,2) 4.65 3.48 3.35 3.604 

Pyridine 1B1  n→ π* SA(2)-(2,2) 5.30 4.90 4.92 4.747,8  

Pyrimidine 1B1  n→ π* SA(2)-(2,2) 5.65 3.74 3.85 4.189 

s-Tetrazine 1B3u  n→ π* SA(2)-(2,2) 3.86 1.68 1.85 2.254 

Ethylene 1B1u  π→ π* SA(2)-(2,2) 7.72 8.05 7.18 8.0210 

Butadiene 1Bu  π→ π* SA(2)-(2,2) 6.44 6.12 5.00 6.2111 
Benzene 1B2u, π→ π* SA(2)-(6,6) 4.90 4.91 5.24 4.9012 

 3B1u, π→ π* (6,6) 3.78 4.07 4.33 4.1213 
Napthalene 1B3u, π→ π* SA(2)-(4,4) 5.94 4.14 4.02 4.0014 

 3B2u, π→ π* (4,4) 2.99 3.66 3.79 3.1113 

Furan 1B2, π→ π* SA(2)-(2,2) 6.72 6.7 6.4 6.0615 
 3B2, π→ π* (2,2) 3.88 4.26 4.37 4.1713 

Hexatriene 1Bu, π→ π* SA(2)-(2,2) 6.56 5.00 3.25 4.9316 
 3Bu, π→ π* (2,2) 3.50 2.69 2.52 2.6913 

Water Singlet, 2px→ 3s SA(2)-(2,2) 7.33 7.59 8.06 7.4017 
 Triplet, 2px→ 3s (2,2) 6.20 7.29 7.18 7.0018 

pNA 
Intramolecular 
CT,1A1, π→ π* SA(2)-(2,2) 5.74 4.74 4.24 4.30e  

DMABN 
Intramolecular 
CT,1A1, π→ π* SA(2)-(2,2) 6.61 4.56 3.79 4.5719 

B-TCNE 
Intermolecular 
CT,1A, π→ π* SA(2)-(2,2) 4.20 3.6 3.68 3.5920 

MSEc  valence    0.53 -0.07 -0.24  
MUEd  valence    0.75 0.26 0.46  

MSEc  Rydberg   -0.44 0.24 0.42  
MUEd  Rydberg    0.44 0.24 0.42  

MSEc  CT   1.36 0.15 -0.25  
MUEd  CT   1.36 0.15 0.31  

Averagef MSE    0.48 0.11 -0.02  
Averagef  MUE    0.85 0.22 0.40  

a(n,m) specifies the active space,  where n is the number of electrons, m is the number of 
orbitals, and SA(N) indicates that the state average is over N states. 
bMC-PDFT 
cmean signed error 
dmean unsigned error 
eδ-CR-EOMCC(2,3),D/6-31+G**. 
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f 1
3

 valence + 1
3

 Rydberg +  1
3

 charge transfer  
Table S2. Excitation energies with various density functionals (ftPBE, trevPBE, ftrevPBE, 
revPBE) and CASPT2 (IPEA = 0) for moderate active spaces.  Excitation energies are in eV.  

 State 
labeling ftPBEa trevPBEa ftrevPBEa revPBEb CASPT2 

(IPEA = 0.0) Ref. 

Acetaldehyde 1A′′  n → π* 3.88 3.94 3.89 4.13 4.14 4.284 
Acetone 1A2  n → π* 4.35 4.36 4.36 4.21 4.3 4.434 

Formaldehyde 1A2  n→ π* 3.47 3.58 3.51 3.81 3.79 4.004 

Pyrazine 1B3u  n → π* 3.83 3.89 3.87 3.55 3.76 3.975,6 

Pyridazine 1B1  n → π* 3.22 3.27 3.26 3.15 3.41 3.604 

Pyridine 1B1  n → π* 4.66 4.82 4.66 4.35 4.84 4.747,8 

Pyrimidine 1B1  n → π* 4.05 4.08 4.06 3.78 4.13 4.189 

s-Tetrazine 1B3u  n → π* 2.48 2.50 2.50 1.87 2.30 2.254 

Ethylene 1B1u  π → π* 6.77 6.74 6.71 7.3 8.08 8.0210 
Butadiene 1Bu  π → π* 6.12 6.01 6.12 5.39 6.38 6.2111 
Benzene 1B2u, π → π* 4.99 5.11 4.98 5.14 4.54 4.9012 

 3B1u, π → π* 4.14 4.28 4.13 3.85 3.75 4.1213 
Napthalene 1B3u, π → π* 4.32 4.42 4.31 4.03 3.80 4.0014 

 3B2u, π → π* 3.24 3.32 3.22 2.76 2.84 3.1113 
Furan 1B2, π → π* 6.44 6.53 6.44 5.84 6.00 6.0615 

 3B2, π → π* 4.10 4.22 4.09 3.86 3.89 4.1713 
Hexatriene 1Bu, π → π* 5.42 5.50 5.42 4.41 5.04 4.9316 

 3Bu, π → π* 2.70 2.75 2.70 2.23 2.48 2.6913 
Water Singlet, 2px→ 3s 7.43 7.47 7.42 6.26 7.56 7.4017 

 Triplet, 2px→ 3s 7.08 7.11 7.07 5.93 7.14 7.0018 

pNA 
Intramolecular 
CT,1A1, π→ π* 

3.93 3.93 3.96 3.56 4.28 4.30e 

DMABN 
Intramolecular 
CT,1A1, π→ π* 

4.28 4.28 4.3 4.36 4.50 4.5719 

B-TCNE 
Intermolecular 
CT,1A, π→ π* 

3.66 3.63 3.66 1.35 3.37 3.5920 

MSEc for 
valence 

excitation 
 -0.08 -0.02 -0.08 -0.33 -0.12  

MUEd for 
valence 

excitation 
 0.27 0.29 0.26 0.36 0.18  

MSEc Rydberg 
excitations  0.06 0.09 0.05 1.11 0.15  

MUEd Rydberg 
exciations  0.06 0.09 0.05 1.11 0.15  

MSEc CT  -0.20 -0.21 -0.18 -1.06 -0.10  
MUEd CT  0.24 0.23 0.23 1.06 0.10  

Averagef MSE   -0.07 -0.05 -0.07 -0.09 -0.02  

Averagef MUE   0.19 0.20 0.18 0.84 0.14  
a MC-PDFT 
bLinear-response time-dependent Kohn−Sham density functional theory is used. 
c mean signed error 
d mean unsigned error 
e δ-CR-EOMCC(2,3),D/6-31+G**. 
f 1

3
 valence + 1

3
 Rydberg +  1

3
 charge transfer  
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Table S3. Excitation energies with various density functionals (ftPBE, trevPBE, ftrevPBE, 
revPBE) and CASPT2 (IPEA = 0) for smaller active spaces.  Excitation energies are in eV.  

 State 
Labeling ftPBEa trevPBEa ftrevPBEa revPBEb CASPT2 

(IPEA = 0.0) Ref. 

Acetaldehyde 1A′′  n→ π* 4.03 4.1 4.05 4.13 3.61 4.284 
Acetone 1A2  n→ π* 4.2 4.26 4.21 4.21 3.73 4.434 

Formaldehyde 1A2  n→ π* 3.63 3.64 3.65 3.81 3.33 4.004 

Pyrazine 1B3u  n→ π* 3.52 3.46 3.55 3.55 2.71 3.975,6 

Pyridazine 1B1  n→ π* 3.43 3.38 3.46 3.15 2.88 3.604 

Pyridine 1B1  n→ π* 4.86 4.95 4.88 4.35 4.45 4.747,8 

Pyrimidine 1B1  n→ π* 3.96 3.88 3.98 3.78 3.05 4.189 

s-Tetrazine 1B3u  n→ π* 1.95 1.87 1.97 1.87 0.84 2.254 

Ethylene 1B1u  π→ π* 7.16 7.15 7.1 7.3 7.86 8.0210 
Butadiene 1Bu  π→ π* 5.04 4.99 5.01 5.39 5.76 6.2111 
Benzene 1B2u, π→ π* 5.15 5.26 5.14 5.14 4.56 4.9012 

 3B1u, π→ π* 4.21 4.35 4.18 3.85 3.76 4.1213 
Napthalene 1B3u, π→ π* 4 4.03 4.02 4.03 3.02 4.0014 

 3B2u, π→ π* 3.71 3.82 3.68 2.76 3.27 3.1113 
Furan 1B2, π→ π* 6.4 6.36 6.36 5.84 6.46 6.0615 

 3B2, π→ π* 4.32 4.39 4.3 3.86 4.01 4.1713 
Hexatriene 1Bu, π→ π* 3.33 3.25 3.34 4.41 4.51 4.9316 

 3Bu, π→ π* 2.59 2.54 2.6 2.23 2.19 2.6913 
Water Singlet, px→ 3s 8.08 8.07 8.05 6.26 7.44 7.4017 

 Triplet, 2px→ 3s 7.23 7.21 7.21 5.93 7.2 7.0018 

pNA 
Intramolecular 
CT,1A1, π→ π* 

4.3 4.25 4.32 3.56 4.19 4.30e 

DMABN 
Intramolecular 
CT,1A1, π→ π* 

3.83 3.8 3.85 4.36 3.96 4.5719 

B-TCNE 
Intermolecular 
CT,1A, π→ π* 

3.75 3.69 3.75 1.35 3.1 3.5920 

MSEc for valence 
excitation  -0.23 -0.22 -0.23 -0.33 -0.54  

MUEd for 
valence 

excitation 
 0.40 0.45 0.39 0.36 0.60  

MSEc Rydberg 
excitations  0.46 0.44 0.43 -1.11 0.12  

MUEd Rydberg 
exciations  0.46 0.44 0.43 1.11 0.12  

MSEc CT  -0.19 -0.24 -0.18 -1.06 -0.40  
MUEd CT  0.30 0.31 0.30 1.06 0.40  

Averagef MSE   0.01 -0.01 0.01 -0.83 -0.27  
Averagef MUE  0.39 0.40 0.37 0.84 0.37  

a MC-PDFT 
bLinear-response time-dependent Kohn−Sham density functional theory is used. 
c mean signed error 
d mean unsigned error 
e δ-CR-EOMCC(2,3),D/6-31+G**. 
f 1

3
 valence + 1

3
 Rydberg +  1

3
 charge transfer  
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